ABSTRACT. Eliciting the economic benefits provided by protected areas is important in order to ensure that they are properly considered in policy and decision making. There are relatively few studies that provide a comprehensive overview of the economic benefits provided by European forest ecosystems, in spite of the large share of forests in the protected area system in most countries. An economic valuation of the ecosystem services supplied by the Hoge Veluwe forest in the Netherlands is presented. The Hoge Veluwe forest is one of the largest and most well-known protected areas in the country. The services included in the study are wood production, supply of game, groundwater recharge, carbon sequestration, air filtration, recreation, and nature conservation. A conservative estimate of the total economic benefits generated by the forest is around 2000 Euro/ha/year, which is more than three times higher than the per hectare-value generated by nearby agricultural land. The study provides an analysis of the economic value of eight ecosystem services, discusses the uncertainties of the value estimates, and examines the implications for financing protected area management.
INTRODUCTION
In recent years, there has been a strong increase in interest in the analysis and valuation of ecosystem services (e.g., Turner et al. 2000 , Daily and Matson 2008 , Daily et al. 2009 ). Following up on the Millennium Assessment (Millennium Assessment 2005) , various authors have further developed the concept of ecosystem services and provided guidance on how the concept can be used to support policy and decision making (e.g. Boyd and Banzhaf 2007 , Asink et al. 2008 , Turner and Daily 2008 , Carpenter et al. 2009 , Nelson et al. 2009 ). In the context of protected area management, ecosystem services analysis and valuation is important for two main reasons.
First, because the benefits provided by protected areas are often not quantified, there is a risk that these benefits are underestimated in policy making (e.g., Balmford and Whitten 2003 , Dearden et al. 2005 , Carpenter et al. 2006 , Emerton et al. 2006 , Tallis et al. 2009 ). The current economic crisis is leading to further pressure on government budgets, and on the budget available to maintain existing protected areas and create new protected areas. In the Netherlands, policy makers are currently considering major budget cuts for nature conservation (Planbureau voor de Leefomgeving 2010) . Recently, the Dutch government announced its intention to halve the budget of the State Forest Service, which is the largest manager of protected areas in the Netherlands with 250,000 ha, in the course of the next two years. Given that the need to cut back public spending also exists in many other countries, similar pressures on budgets for protected area management may arise elsewhere.
Second, integrated ecosystem management, which aims to combine the provision of different types of ecosystem services, is becoming increasingly important for protected areas (Gaston et al. 2008 , Palomo et al. 2011 . It is now widely recognized that, in addition to biodiversity conservation, protected areas also provide a number of other public services such as recreation, reducing air pollution levels through deposition of fine particles, and the recharge of groundwater aquifers (e.g., Balmford et al. 2002, Parviainen and Frank 2003) . In order to formulate and implement management 1 Department of Environmental Sciences, Wageningen University Ecology and Society 16(2): 13 http://www.ecologyandsociety.org/vol16/iss2/art13/ approaches that support the supply of multiple services, quantitative insight into the complete bundle of services and values supplied by protected areas is therefore required.
In spite of the progress recently made in understanding the values of ecosystem services in a range of contexts, there are relatively few studies providing a comprehensive analysis of the bundle of ecosystem services generated by European protected areas (e.g. Millennium Assessment 2005, Gaston et al. 2008 , Jongeneel et al. 2008 . Studies on European forest ecosystem services, in particular, are rare (Elsasser 2007) . A literature search revealed one European study analyzing the bundle of forest ecosystem services at the national scale (Willis et al. 2003 ) and a limited number of studies analyzing one or a few services supplied by a specific forest (e.g. Brauer 2005 ). This is a main gap in our understanding of the benefits provided by ecosystems, in particular because most of the terrestrial protected areas in Northwestern Europe are dominated by forests (Planbureau voor de Leefomgeving 2009).
Hence, there is a need to increase the understanding of the economic benefits supplied by protected forest ecosystems, with consideration of the various constraints to the economic valuation of ecosystems (e.g. Bockstael et al. 2000 , Soma 2006 , Spash 2008 . The objective of this study is to analyze the economic value of the bundle of ecosystem services provided by the Hoge Veluwe forest in the Netherlands. The Hoge Veluwe is one of the largest and most well-known protected areas of the country, covering a forest and heather landscape of about 5500 ha. The services supplied by the park are representative of the services supplied by other protected forest areas in the country. The area has been selected for this case study because its ecosystems are representative of many terrestrial protected areas in the Netherlands and in neighboring countries, and because of the relatively high data availability.
An analysis and economic valuation of eight ecosystem services supplied by the park under current management will be presented, including three regulating services. A number of different valuation methods are applied, and the applicability of, and uncertainties related to, these valuation methods are analyzed. The implications of the retrieved economic values for decision and policy making on forest conservation are also discussed. Specifically, the possibilities of protected areas capitalizing on ecosystem services supply through Payment for Ecosystem Services schemes are discussed, and potential implications for protected area managers faced with dwindling government support are briefly analyzed.
METHODS

Case study area
The Hoge Veluwe is a national park located in the center of the Netherlands (Figure 1 ). The park is located on the undulating terminal moraine deposits characteristic of the center of the Netherlands. The park is made up of approximately 5500 ha of forest, heather, and drift sand and is one of the largest nature reserves in the Netherlands. Stands of both pine and deciduous forests are present, with production forestry concentrated in the pine forests. Animals in the park include wild boar, red deer, badger, and roe deer. The area has been continuously protected since 1909, when it was established under the private ownership of the Kröller-Müller family. In 1935, the family transferred park ownership to an independent foundation, which has managed the park ever since. Inside the park is the Kröller-Müller art museum, which harbors an internationally renowned collection of Dutch and international paintings and sculptures. The park is one of the most well-known national parks in the Netherlands, and receives around 500,000 visitors each year.
All major ecosystem services provided by the Hoge Veluwe are included in this study, as identified on the basis of a literature review and interviews with the park management. These services are: (1) wood production, (2) supply of game (wild boar and deer), (3) groundwater infiltration, (4) carbon sequestration, (5) air pollution removal, (6) recreation, (7) recreational hunting, and (8) biodiversity conservation.
Valuation approach
The study follows the general approach of the Millennium Ecosystem Assessment (Millennium Assessment 2003 with regard to the identification, analysis, and valuation of ecosystem services. The object of the valuation is the forest ecosystem within the park perimeter, including the forest, heather, drift sand and grassland ecosystems, but excluding the small patch of agricultural land in the forest (46 ha) and the camping site and sport http://www.ecologyandsociety.org/vol16/iss2/art13/ : provisioning services, involving the goods that can be harvested in an ecosystem; regulating services, reflecting the fact that ecosystems can regulate essential ecological and climatological processes; and cultural services, which refer to non-material benefits provided by ecosystems. Supporting services are not included as this would lead to double counting of values (cf. Hein et al. 2006) . Second, the services are valued in monetary terms. Services may either provide direct use, indirect use, non-use, or option value. Direct use value is generally associated with the provisioning services as well as recreation (Millennium Assessment 2003) , and indirect use value with the regulating services. Non-use value is generally linked to the biodiversity conserved in an ecosystem and can only be quantified using contingent valuation or related methods Willis 1997, Nunes and Van den Bergh 2004) . Option value relates to keeping the option open of converting the ecosystem at a later point in time, and depends on risk aversiveness (Cicchetti and Freeman 1971) . Even though conservation of the Hoge Veluwe forest is likely to have an option value, this value is difficult to assess, and not further considered here. Hence, the focus is on the direct use, indirect use, and non-use value provided by the forest ecosystem of the Hoge Veluwe national park.
Economic valuation of ecosystem services requires analysis and aggregation of the consumer and producer surpluses generated by these services (Freeman 1993) . Where data were available, this study values ecosystem services based on estimation and aggregation of producer and consumer surpluses. The producer is, in all cases, the foundation managing the Hoge Veluwe park. Around 80% of the income of the foundation is derived from entrance fees, and the remainder is composed of revenues from land lease to farmers, two restaurants and a camping site, the sale of wood and deer and wild boar meat, and government subsidies for nature conservation. As mentioned, the farmland, restaurants and camping site are not further considered in this study.
For some services, in particular the regulating services of groundwater infiltration, carbon sequestration, and air pollution removal, consumer and producer surpluses could not be calculated, and alternative, though less accurate, valuation methods Ecology and Society 16(2): 13 http://www.ecologyandsociety.org/vol16/iss2/art13/ have been applied. The specific valuation approach applied to each of the identified ecosystem services is explained in the text. The biodiversity conservation service is not analyzed in monetary terms, in view of the various difficulties related to providing a meaningful monetary indicator of this service (e.g. Spash and Hanley 1995) . All prices and values are converted to 2007 euro, using 2% annual inflation.
ECOSYSTEM SERVICES: PHYSICAL SUPPLY
The ecosystem services supplied by the Hoge Veluwe protected area are analyzed in physical terms: (1) wood production, (2) supply of meat, (3) groundwater infiltration, (4) carbon sequestration, (5) air pollution removal, (6) recreation, (7) recreational hunting, and (8) biodiversity conservation.
(1) Wood production The Hoge Veluwe comprises around 613 ha of deciduous forest, and 2282 ha of coniferous forest. Wood production is concentrated in the coniferous forests, as the management of the park is aimed at increasing the share of native deciduous trees. Therefore, the main trees harvested are pine (mostly Pinus sylvestris), larch (Larix decidua), and douglas spar (Pseudotsuga menziesii). A range of different wood qualities is harvested. The best wood is used for the production of construction wood in local saw mills, medium quality wood for pellets, and the lowest quality wood for the production of board. The total amount of wood harvested amounts to 2600 m 3 of saw wood, 1200 m 3 of medium quality wood and 8000 m 3 of low quality wood per year (B. Boers, The Hoge Veluwe National Park Foundation, 2008, personal communication) .
(2) Meat from hunting
The Hoge Veluwe allows hunting by a hunters' association ("St Hubertus"). The park itself sells all meat that is harvested by this association in a shop inside the park. The main meat sold is red deer, roe deer, and wild boar. The park has established a target population for red deer (200 individuals) and wild boar (50 individuals) based on the carrying capacity of the vegetation. The annual surplus is allowed to be shot. The relatively low density of supported wild boar is related to the dominance of coniferous forest, which provides little food to these animals. A total of 300 animals are shot each year, including roe deer, yielding around 10,000 kg of gross animal weight, of which around half is sold as meat.
(3) Groundwater infiltration
The Veluwe moraine, which includes the Hoge Veluwe forest, serves as an important area for groundwater replenishment. Drinking water wells are located on and around the Veluwe and supply water to the towns and villages in the area, for some 1.5 million people in total. For the overall Veluwe area, the average annual groundwater replenishment is around 400 mm per year (Tauw 2003) . However, groundwater replenishment varies as a function of the vegetation cover. For the Hoge Veluwe, the groundwater replenishment is estimated as a function of the land cover (see Table 1 ). The total net infiltration in the Hoge Veluwe park is calculated to be around 16.8 million m 3 . The average per ha infiltration in the Hoge Veluwe forest equals 305 mm/year, which is somewhat lower than for the overall moraine because of the relatively high pine coverage in the park.
(4) Carbon sequestration
Carbon sequestration depends on the dynamics and management of the vegetation. It is generally high in young forests, and declining in mature forests. Management of the forest stands in the park is as follows. Logging is concentrated in coniferous forest, and takes place predominantly in stands of pine (70%) and douglas spar (20%). The remainder (10%) of logging takes place in deciduous forest. Clear-cut of forest stands is exceptional, and the large majority of the logging is selective logging (B. Boers, Hoge Veluwe National Park Foundation, 2008, personal communication (2003) § Source: Waterwatch (2007) | Based on a multiplication of columns two and three.
on a specific weight of 540 kg/ton, the weighted average for the harvested tree species. Most of the forest stands are relatively open, and no significant decline in annual increment can be expected in the coming decade (Nationale Park de Hoge Veluwe 2005). The water content of freshly sawn wood (mostly pine) is assumed to be 50%, and the average carbon content of dry wood is also assumed to be 50% (Ragland et al. 1991) . Therefore, the total amount of CO 2 sequestered annually in the above ground biomass of the Hoge Veluwe park is currently 0.25*3580 = 900 tons C/year, or 3280 ton CO 2 /year. This amounts to 900/2892 = 0.31 ton C/ ha/year. . The deposition velocity depends on the vegetation type, and in the absence of better data is assumed to correspond to the deposition velocities measured in England, which has generally comparable types of deciduous and coniferous forest (Powe and Willis 2004) . The PM10 concentration (C) is assumed to be 27.9 µg/m 3 , which is the average concentration of the nearby PM10 monitoring station in Wekerom over the period 2003 (RIVM 2006 . The average dry deposition of PM10 in the Veluwe is therefore estimated at 37 kg/ha/year (see Table 2 ).
(6) Recreation: hunting
Hunting is practiced from August to December, with the double aim of generating revenue and keeping the populations of red deer, wild boar, and roe deer in line with the carrying capacity of the park. Every Ecology and Society 16(2): 13 http://www.ecologyandsociety.org/vol16/iss2/art13/ year 300 animals are shot by the "St Hubertus" Hunters' Association, but the hunters have to hand the animals back to the park management without being paid for them. The foundation managing the park sells the meat.
(7) Recreation: walking, cycling
The visitors to the Kröller-Müller museum located inside the park also pay the entrance fee to the national park. Given the focus of this study on the forest ecosystem, all visitors to the museum have been excluded from the analysis, even though many of them may combine a visit to the museum with a stroll in the park. The total number of visitors to the park in 2007 was 520,000, of which 215,000 also visited the museum. Therefore, for the purpose of this study, it is assumed that 305,000 people visited the park for the purpose of recreation in the forest ecosystem. Note that the recreation service of the park also supports the local tourism industry, in particular hotels and restaurants in the vicinity of the park. For instance, a visitor survey carried out by the park management in 1994 (Jansen et al. 1994) found that 39% of the visitors to the park arrived from a camping site, recreational home or hotel.
Valuation of this contribution of the park to the local economy requires analyzing the producer surplus accruing to the local hotels and restaurants, as well as the consumer surplus accruing to the visitors of the hotels and restaurants. However, these local benefits are not further considered in this study, since this valuation study focuses on ecosystem services generated within the park boundary. In addition, it is unclear which proportion of visits to these hotels and restaurants can be assigned to the presence of the park, given the availability of several other parks in the area.
(8) Biodiversity
The Hoge Veluwe park is actively managed in order to maintain its biodiversity. Since the park lacks large carnivores, with only the fox and pine marten present, there is culling of wild boar and deer populations. There is also annual mowing of the grasslands of the park, with the aim of maintaining butterfly habitat, as well as regular removal of the topsoil and associated nutrients in heather in order to maintain the vegetation. As a consequence of its relatively large size and the continuous active management over a period of several decades, the park is highly important for a range of ecosystem types and threatened species. The park contains 59 ha of drift sand ecosystems that are relatively rare in the Netherlands, 48 ha of nutrient-poor http://www.ecologyandsociety.org/vol16/iss2/art13/ grasslands, and some 250 ha of old-growth, though not primary, deciduous forest. In terms of species diversity, mammal populations in the park that are rare at the national level include the mouflon and the badger, as well as several species of bats. Last year, the park had the only breeding couple of the wryneck (Jynx torquilla) in the Netherlands as well as 67 couples of the nightjar (Caprimulgus europaeus), which makes the park one of the most important habitats for this species in the country. The black grouse (Tetrao tetrix) was recently reintroduced in the park. In total, the number of breeding birds in the park varied from 61 to 75 species in the last five years. There are also 30 butterfly species (including the rare Argynnis niobe, Argynnis aglaja and Hipparchia semele), 21 dragonfly species, and five reptiles, including all three snakes occurring in the Netherlands.
VALUATION OF ECOSYSTEM SERVICES
An estimate is presented of the economic value of the ecosystem services supplied by the Hoge Veluwe protected area, including: (1) wood production, (2) supply of meat, (3) groundwater infiltration, (4) carbon sequestration, (5) air pollution removal, (6) recreation, (7) recreational hunting, and (8) biodiversity conservation. Different valuation approaches are used for these different services, as will be described.
(
1) Wood
As with any ecosystem service, valuation requires estimation of the producer and consumer surplus. Under a number of conditions, the individual producer surplus can be calculated on the basis of the total revenues minus the production costs (Varian 1993) . The producer is, in this case, the foundation managing the Hoge Veluwe forest. The foundation sells the wood almost exclusively as "standing stock", which means that the buyer bears the costs of harvesting the trees and transporting them out of the park. Bidding for the standing stock of wood is competitive. Since logging and transportation costs are born by the logging company, the price paid by the logging company to the park for the standing stock represents the net benefit generated by this service to the foundation managing the park. The price of the wood in the park, as it stands, is as follows. High quality wood fetches € 90/m 3 , medium quality € 40/m 3 , and low quality wood only € 9/m 3 . The total value of the service is therefore: 2600*90+1200*40+8000*9 = €354,000/year. The production of wood from the park is very small compared to the national market supply. There is a much larger supply of wood from forests managed mostly as production forests, including in the vicinity of the park, as well as from sources abroad, in particular Scandinavia and Russia. The total wood market in the Netherlands including all wood products except furniture amounts to around € 1.3 billion per year (Central Bureau for Statistics the Netherlands 2009a). Therefore, it can be assumed that wood production in the Hoge Veluwe park does not influence the price of wood on the Dutch market, and that there is no consumer surplus related to the provisioning of this ecosystem service by the park. It is assumed that the net benefit of wood production for the foundation also represents the net benefit for Dutch society as a whole, i.e., the economic value generated by this service.
(2) Meat from hunting
Both producer and consumer surplus are examined. Again, the producer is the foundation managing the park, and the consumers are Dutch society as a whole. All hunting is carried out by the hunters' association. The hunters' association is required to hand over the hunted meat to the foundation for free; in other words, the association pays for the right to hunt in the forest without being allowed to keep the meat. There is therefore a strict distinction between meat production from hunting and the recreational value of hunting in the park, which will be further discussed, and potential double counting between these services is avoided. Because the foundation does not have to pay for obtaining the meat, the production costs related to hunting are zero. The foundation sells the hunted animals to a local butcher. The net revenue for the park related to the sale of hunted, but not slaughtered, animals is around € 50,000 per year (B. Boers, Hoge Veluwe National Park Foundation, 2008, personal communication) . As with the case of wood production, the production of deer and wild boar meat in the park is very small compared to the national supply, and the consumer surplus is assumed to be zero. The net benefits for the park are therefore assumed to represent the economic value of this service. show that 29% of the water infiltrated in the Veluwe forest is used for drinking water production (Vitens 2008) and it assumed that this same percentage applies to the water that infiltrates in the Hoge Veluwe forest, which is somewhat conservative given that there are three main extraction wells just adjacent to the park.
Valuation of this regulation service is not straightforward. The consumer surplus for drinking water can be expected to be very high because drinking water is essential to people's lives and it is not substitutable. However, in the case of the Hoge Veluwe forest, there are other sources of drinking water that would be used in the absence of the park, in particular water from the nearby river Rhine. Therefore, the replacement cost method is selected for valuing this service. The replacement cost method does not reflect preferences, and therefore provides a different indicator of economic value compared to the two services valued previously (see e.g. Freeman 1993 for details). The National Research Council (NRC 2004) states three requirements that need to be met in order for the replacement cost method to be applied: (1) there is an alternative that offers the same service, (2) this alternative would be used in the absence of the ecosystem service, and (3) the considered alternative is the least-cost alternative. Following NRC (2004), the least-cost option to substitute the infiltration service is examined. Consequently the three requirements specified in NRC (2004) are met for this case study. The alternative option is to use water from the nearby river Rhine and treat it for use as drinking water; in fact, this is precisely what happens 25 km downstream, where Rhine water is used for drinking water production. Given the degree of pollution of the river, this is expensive relative to using groundwater from the Hoge Veluwe. In line with NRC (2004), the benefits generated by using water from the Hoge Veluwe are assumed to equal the avoided costs of treating Rhine water. Compared to the costs of treating groundwater, the average costs for purification of river water are € 0.40/m 3 higher (Mulder 1998 , Vewin 2007 ). Hence, the economic value of water infiltrated in the Hoge Veluwe is estimated to equal these avoided costs, i.e., € 0.40/m 3 , resulting in a total economic value of the service of € 1.95 million/ year.
(4) Carbon sequestration
The total amount of CO 2 sequestered annually in the above-ground biomass of the Hoge Veluwe park is 3280 tons CO 2 /year, as demonstrated earlier.
Estimates for the economic value of a unit of carbon sequestered vary widely. Indications of the marginal value of sequestered carbon can be obtained from either prices at which CO 2 is traded in existing carbon markets, or from damage cost assessments. By far the largest carbon trading scheme is the EU Carbon Trading Scheme (ECTS), which does not apply to forestry, however. Since its inception in 2005, a ton of CO 2 has traded for less than 1 euro/ ton up to 30 euro/ton in the EU market, with recent prices in the order of € 10 -15 per ton CO 2 . For carbon capture through reforestation schemes, the price of CO 2 differs for CO 2 capture compliant with Kyoto or under a voluntary agreement, with the price for voluntary credits being lower, ranging from US$ 2 to 4 per ton CO 2 (World Bank 2008). Based on a review of studies that analyze the marginal costs of greenhouse gas emissions, Tol (2005) finds that "it is unlikely that the marginal damage costs of CO 2 emissions exceed $50/tC (i.e., US$14/ton CO 2 ) and are likely to be substantially smaller than that", assuming that the discount rate should reflect government discount rates for longterm investments, i.e., a social discount rate in the order of 4% to 5%. Stern (2008) argues for a lower discount rate and proposes that CO 2 prices should be around US$30/ton CO 2 . Further analysis of the price of CO 2 emissions and the value of CO 2 sequestration is outside of our scope, and for the purpose of this analysis a conservative avoided marginal damage cost of 10 euro/ton CO 2 is assumed. This means that the total economic benefits of carbon sequestration in above-ground biomass in the park amount to € 32,800/year. A nonquantified additional value relates to carbon sequestered in the soil as well as in wood products.
(5) Air pollution removal
A range of studies have shown that forests remove air pollution by means of dry deposition of pollutants to plant surfaces (Beckett et al. 2000 , Nowak et al. 2006 . The removal of particles from ambient air generates an economic benefit, related to increased well-being and reduced sickness due to air pollution (Hall et al. 1992) . Health impacts of air pollution occur as a function of long-term exposure, and there is still significant uncertainty regarding these effects (Kunzli et al. 2000) . http://www.ecologyandsociety.org/vol16/iss2/art13/ Consequently, it is difficult to solicit people's willingness to pay for clean air, and data are not available for the Netherlands. This study estimates the value of the air filtration service by estimating the avoided marginal damage costs associated with one unit of particulate matter removal from the atmosphere. These avoided damage costs are estimated at the scale of the whole country, assuming that the avoided damage cost estimate is also valid for the part of the country in which the Hoge Veluwe forest is located, as analyzed in the Discussion section. The avoided marginal damage costs consider only the avoided costs from hospital treatments, and therefore represent an underestimate of the economic value of this service. Hein (2006) estimated the total costs of PM10 pollution in the Netherlands in 2005 to be € 1.2 billion per year plus 12,400 premature deaths. Corrected for 2% inflation, this amounts to € 1.25 billion in 2007. The costs were calculated using the WHO (Künzli et al. 2000) methodology, including costs of sick days and hospital treatments for cardiovascular and respiratory diseases, asthma, and bronchitis. In comparison, RIVM (2005) estimated the number of premature deaths due to PM10 air pollution in the Netherlands at between 12,000 and 24,000. Epidemiological studies indicate a linear relationship between PM10 concentration and health effects (Daniels et al. 2000) , hence the average costs indicate also the marginal costs of PM10 pollution.
In order to obtain an estimate of the benefits of avoided air pollution due to air filtration by the forests in the park, the total damage costs of PM10 excluding monetized mortality costs for the Netherlands are divided by the total PM10 emitted in the Netherlands. Total PM10 emission in 2006 was 44.85 million kg PM10 (Milieu en Natuurplanbureau 2006). A correction has to be made for the import of PM10 from abroad, in particular from Belgium with the prevailing southwestern wind, and for PM10 from nonanthropogenic sources. RIVM (2001) estimates that 38% of PM10 is from national anthropogenic sources. Hence, it is assumed that the damage costs per kg of PM10 emitted in 2007 amount to € 1.25 billion/(44.85 million kg / 0.38) = € 10.6/kg. Note that this excludes the costs of mortality, in view of the difficulties related to estimating the economic costs of a statistical life lost. In comparison, for Belgium, Mayeres et al. (2001) estimate the marginal costs of PM10 emission to be € 10/kg PM10 excluding the costs of mortality and € 21/kg PM10 including the costs of mortality (transformed into 2007 euro on the basis of 2% inflation per year). The Clean Air for Europe ("CAFE") Project carried out analyses of the damage costs per ton emission for several pollutants in various EU countries. They estimated the marginal damage costs of more dangerous PM2.5 emissions for 2010 to be between € 63 and € 180/kg including the costs of mortality. The large difference between the figures is caused by the different approaches to value premature mortality. Given available literature, the air filtration capacity of trees is related to PM10 rather than PM2.5, and the benefits of the service are conservatively estimated excluding the costs of mortality. The economic benefits related to deposition of PM10 in the Hoge Veluwe park is therefore estimated at € 10.6/kg x avoided emissions of 200 ton/year = € 2.1 million per year.
(6) Recreation: hunting
The members of the St. Hubertus local hunters' association shoot wild boar and deer according to the quotas determined by the park. They are not allowed to keep the meat and therefore there is no double counting with the meat production service. There are no costs to the foundation for providing the possibility of hunting, and the economic value of this service equals the willingness to pay of the hunters' association for the right to hunt in the area. The hunters' association pays an annual fee of € 125,000 for the exclusive hunting rights in the park. It is possible that the willingness to pay is higher than the actual payment, but this information could not be obtained from the hunters' association. It is therefore assumed that the actual fee reflects the willingness to pay of the hunters' association and, consequently, that it presents a conservative estimate of the economic value generated by this service. Note that the benefits generated by recreational hunting are over two times the benefits generated by the supply of meat, which may be related to the relative scarcity of hunting sites in the Netherlands. (1) estimating visitor rates for different zones around the site, (2) estimating travel costs for visitors from these zones, (3) statistical regression, and (4) constructing the demand curve (OECD 1995) . It is assumed that all visitors travel to the park by car. This is a simplification, as the 1994 visitor survey shows that 88% of visitors come by car. Table 3 shows the visit rates per zone, the total population in each of these zones, the visit rate (i.e., visits to the park divided by population, per zone) and the travel costs from each zone to the park. Visits per zone are based on the visitor survey (1994) . A basic GIS analysis (ArcGIS/8) of population density in the Netherlands was applied to calculate the zone population. The travel costs are calculated assuming average transport costs by car of 34 eurocent/km (based on Rietveld et al. 2000 , corrected for 2% annual inflation) and an average per person hourly wage rate of € 4.9 (Central Planbureau 2008). It is also assumed, based on the visitor survey of 1994, that people travel to the park with on average 2.6 people per car, reducing the per km travel costs, but not the time costs. The travel time to reach the park is estimated based on the assumption that the first 25 km of each trip, including driving on the access roads to the park, can be travelled with an average speed of 60 km/h, and the remainder of the journey, mostly on highways, at 90 km/h. The entrance fee to the park (€ 7) is added to the travel costs (cf. OECD 1995).
Based on the data presented in Table 3 , the relation between travel costs and visit rate can be established. Equation (1) shows the visit rate as a function of the travel costs for the Hoge Veluwe park.
Subsequently, the demand function for visits to the site has been constructed, under the assumption that expenditure for an entrance fee is viewed in the same way as travel costs by the visitors. The first point on the demand curve is the current amount of visitors to the site (i.e., where the added costs are zero). Subsequent points on the demand curve are calculated for hypothetical increases of the entrance fee ranging from € 5 to € 100 per visit. For the total travel and entrance costs associated with these different fees, the corresponding number of visitors to De Hoge Veluwe has been estimated using Equation (1). The results are presented in Figure 2 . The area under the demand curve, equaling the consumer surplus, is around € 3.35 million, which equals around € 11 per visit.
The producer surplus of this service accrues to the foundation managing the Hoge Veluwe park. The individual producer surplus is a function of the revenues minus the costs of offering the service. In 2007, the total revenues the foundation obtained from entrance fees amounted to € 3.721 million. However, the foundation faces a number of costs related to providing recreational facilities. Costs arise, among others, from maintaining and staffing three entrance points where tickets are sold, maintaining and staffing a visitors center, maintaining bicycle paths and parking spaces, and for administration and ICT support. The total costs that can be allocated to the provision of recreational facilities amount to € 936,000 (B. Boers, Hoge Veluwe National Park Foundation, 2010, personal communication) . Therefore, the producer surplus generated by the recreational service can be estimated to be € 3.721 million -936,000 = € 2.785 million per year. The total value of the recreation service, i.e., the sum of the consumer and producer surplus is therefore 3.35 plus 2.785 = € 6.14 million.
A summary of the economic value generated per service is provided in Table 4 . As previously mentioned, the nature conservation service is not expressed in monetary terms. The estimated total economic value generated by the services supplied by the forest ecosystem of the Hoge Veluwe park is around € 10.8 million per year. This translates to around € 2000/ha/year. Note that the value estimate represents a minimum value. The nature conservation service could not be quantified in monetary terms. Given the importance of the park for the conservation of a number of species in the Netherlands, the value is nevertheless likely to be significant. In addition, the value estimates for the recreational hunting service and carbon sequestration are minimum values. This is the case for recreational hunting because the actual willingness to pay for hunting opportunities may exceed the current payment, and in the case of carbon sequestration because carbon capture in soils and wood products is not accounted for. The value estimate for the air filtration study is relatively uncertain, as will be further discussed, and is based on the costs of hospital treatments and sick days only, instead of people's willingness to pay for reduced exposure to air pollution. In addition, it does not account for the costs of mortality. Hence, this value estimate is also likely to be an underestimate. Finally, option values are excluded from the calculations. Hence, the estimate of the total economic value generated by the park of € 10.8 million per year is an indication of the minimum value of the services provided by the forest. The implications of the value estimate will be further discussed.
DISCUSSION
Uncertainties in the calculations
The uncertainties in the value assessment stem from both the biophysical quantification and the economic valuation step. The degree of uncertainty varies strongly per service. For the provisioning services of wood production and provision of meat, both biophysical quantification and economic valuation are relatively straightforward. Both Ecology and Society 16(2): 13 http://www.ecologyandsociety.org/vol16/iss2/art13/ Fig. 2 . Recreation service: demand curve for visits to the Hoge Veluwe services are a source of revenue for the park and their supply is therefore monitored by park management. For the groundwater infiltration service, uncertainty relates in particular to the applied valuation method. For this service, the replacement cost method is used, which bases the estimate of the benefits of an ecosystem service on the avoided costs of replacing the service and is therefore not preference-based (Freeman 1993) . The replacement cost method is appropriate in the case of the groundwater recharge service because the same product, drinking water, would otherwise be supplied based on treated river water (National Research Council 2004) .
Carbon sequestration was calculated on the basis of an estimate of the annual wood increment by the foresters of the park, as documented in Nationale Park de Hoge Veluwe (2005) . The rate of carbon capture in the above-ground biomass was in line with estimates for other Dutch deciduous and coniferous forests (Sikkema and Nabuurs 1994) . It is assumed in this study that the economic value of this service can be estimated based on the marginal damage costs of one unit of carbon. However, this damage cost is prone to uncertainty, because of uncertainty in the processes guiding climate change and its impacts, as well as the discount rate to be used to compare future and present costs (compare Tol 2005 and Stern 2008 ).
Air filtration is another significant service provided by the park, but there is high uncertainty regarding:
(1) the amount of PM10 being deposited, (2) the subsequent impact on air quality, and (3) the value of this service. There are currently no measurements of PM10 deposition in the park, and this analysis uses figures from the UK, where high variation in PM10 deposition rates was found (Broadmeadow et al. 1998) . Second, there is uncertainty regarding the reduction in ambient PM10 concentration as a consequence of air filtration in the park (see also Bealey et al. 2007) . In comparison, a study in the UK (Willis et al. 2003) assumed that health benefits from air filtration by forests only occur at short distances (<1 km) from the forest. European Commission (2005), however, states that damage assessments of particulate matter pollution need to consider that PM pollution can spread over distances of several hundreds of kilometers from an emission source. Therefore, in this study it is assumed that air pollution removal needs to be studied at a broader scale. Specifically, it is assumed that the benefits of a unit of PM10 deposition in the forest can be related to the national average of the marginal costs of PM10 pollution. This assumption seems justified because both the population density in the area (384 people/km 2 compared to 452 people/ km 2 for the Netherlands) and the annual average PM10 concentration in ambient air (in both cases around 30 µg/m 3 , RIVM 2005) are in line with the national average. Thirdly, there is high uncertainty regarding the economic value of this service. This study uses costs of medical treatment as an indicator for economic value, but it would be more appropriate to use the willingness to pay of people http://www.ecologyandsociety.org/vol16/iss2/art13/ to avoid sickness and hospital treatments (e.g. Hall et al. 1992 ). In addition, there is uncertainty regarding the economic value of avoided statistical mortality (Pervin et al. 2008) . In response to these various uncertainties, the study presents a conservative value estimate, which excludes the value of avoided mortality, and only considers part of the value of avoided morbidity (i.e., sick days and hospital treatment costs).
As for the cultural services, data on visitors and their point of origin were available, and the zonal travel cost method is applied, which results in a theoretically correct estimate of the consumer surplus (Freeman 1993) . The producer surplus could be derived from park statistics, and the value estimate for this service is relatively certain. For the nature conservation service, there is increasing literature on quantifying this service in ecological terms. Indicators may focus on species diversity (e.g. Humphries et al. 1995) , presence of endangered species (e.g. Ando et al. 1998) , or the naturalness of ecosystems (e.g. Ten Brink and Tekelenburg 2002) . However, there is ongoing debate on the possibilities of expressing biodiversity in monetary indicators (e.g. Cummings and Harrison 1995, Nunes and Van den Bergh 2004) , and the uncertainty involved was deemed too high to value this service of the park in economic terms.
The outcomes of this study can be compared to the results of a national assessment of the social and environmental benefits of forests in England, Scotland, and Wales (Willis et al. 2003) . The average annual value provided by recreation, carbon sequestration, and air filtration in English forests is around € 2100 per ha (at 2003 exchange rates and corrected for inflation). Willis et al. (2003) also analyzed the landscape service, reflecting willingness to pay for forested landscapes seen either from home or during a journey. This service is, however, likely to be very small for the Dutch forest because of the absence of public roads in the forest and the limited number of houses with a view of the forest.
Contribution of the Hoge Veluwe protected area to Dutch society
The net economic benefits generated by the Hoge Veluwe forest depend on the value of the various ecosystem services, as well as the payments received from society. In terms of contributions from society for preserving the park, the foundation that manages the park receives two subsidies: a provincial subsidy for managing the meadows in the park, and a national subsidy for conserving heather. These subsidies are used for the extensive management of the 50 ha of meadows in the park for maintaining heather vegetation that is otherwise likely to disappear due to atmospheric deposition of plant nutrients. The total amount from both subsidies amounts to € 188,000 per year, which is very small compared to the benefits provided by the park to society (around € 10.8 million per year).
The question arises as to how the economic value of the park compares to the value of alternative land uses. Residential land provides by far the highest value per hectare in the surrounding area (Willemen et al. 2010a ). Large-scale housing construction would have impacts on the overall house prices in the area, and the modeling required to examine this effect is outside the scope of this study. In order to provide an indication of the relative value of the park with its current forest and heather cover, a comparison is therefore made with the value generated by nearby agricultural land.
The annual rent paid for nearby agricultural land is on average around € 375/ha/year (Central Bureau for Statistics the Netherlands 2009b). The rent paid for cropland near the Hoge Veluwe park is representative of the country as a whole (Central Bureau for Statistics the Netherlands 2009b), and it is high compared to the rent paid for agricultural land in other European countries (Hoogwijk et al. 2009 ). However, this rent only reflects the capacity of the land to support agriculture. It therefore does not equal the economic value of agricultural land to society, as it omits potential ecosystem services that can be provided by agricultural land, as well as potential negative externalities of agricultural land, such as eutrophication of surface water and unpleasant odor when manure is spread on the fields. In addition to supporting agricultural production, potential additional services of cropland are: (1) drinking water infiltration, (2) biodiversity conservation, (3) supporting recreation by providing an attractive landscape, and (4) carbon sequestration.
The ecosystem services provided in the Gelderse Valley agricultural landscape, adjacent to the park, have been examined by Willemen et al. (2010a) and Willemen et al. (2010b) . The Gelderse Valley is a 750 km 2 watershed that comprises a mix of urban Ecology and Society 16(2): 13 http://www.ecologyandsociety.org/vol16/iss2/art13/ areas, intensive and extensive agriculture land, and small patches of forest. Agricultural land covers around 71% of the valley. Willemen estimated the value of drinking water infiltration in the valley to be around € 4600/ha, but only for those areas that are managed as drinking water protection zones, which cover around 5% of the valley. In other areas, intensive agriculture leads to infiltration of water polluted with nitrogen and pesticide residues making the water less suitable for drinking water production. Furthermore, although extensively managed meadows are important for both bird and plant life, intensively managed agricultural land generally has low biodiversity (Kleijn et al. 2004 , Willemen et al. 2010b ). However, the mix of agricultural land and other land uses dissected by small rivers supports recreation, in particular cycling day trips from residents of nearby towns and villages. The surplus generated by local day trips, based on WTP estimates for comparable types of recreational activities in the Netherlands, was estimated by Willemen et al. (2010b) to be on average 172 €/ha/year for the overall area. There is also tourism in the valley, but visitors from other parts of the country by and large come to visit the nearby national parks and forests (ZKA 2004) , such as the Hoge Veluwe, and benefits from tourism cannot be attributed to cropland in the Gelderse Valley. Carbon sequestration can be assumed to be very low or even negative in Dutch arable land (Vleeshouwers and Verhagen 2002) . Hence, the economic value generated by cropland can be roughly estimated at 550 €/ha/year, accounting for the two services: (1) supporting agriculture, and (2) providing opportunities for recreation, and this is not accounting for potential negative externalities. Consequently, the economic value generated by the Hoge Veluwe national park exceeds that of nearby cropland by a factor of over three.
Policy implications
The study shows how park management can influence the overall supply of ecosystem services, and that increasing the supply of a specific ecosystem service may lead to an increase or a decline in the provision of other services. For instance, coniferous trees have a relatively high capacity to filter air particles, but also have a relatively high evapotranspiration rate that reduces groundwater infiltration. Changes in park management are likely to affect ecosystem services in a different manner, and their multiple impacts should be considered in park management. Since the park does not receive any payment for the regulating services provided to society, namely groundwater infiltration, air filtration, and carbon sequestration, there may be little incentive to optimize the supply of these public services unless payments for activities that influence ecosystem service supply can be secured. This has happened in the past, when the foundation received a payment from the local drinking water company to cover the costs of expanding the drift sand areas, which had a positive impact on both the nature conservation and the groundwater infiltration service (B. Boers, Hoge Veluwe National Park Foundation, 2008, personal communication) .
In the case of the Hoge Veluwe forest, there appeared to be relatively little scope for enhancing park income through Payment for Ecosystem Services schemes (PES) (UNEP 2005 , Pagiola 2008 , Wunder et al. 2008 ). The two most valuable services for which the park receives no compensation are the groundwater infiltration service and air filtration. However, for the air filtration service, there is high uncertainty on the physical and economic dimensions of the provided service, and the number of beneficiaries is very high, with each beneficiary receiving only a small benefit. For the groundwater infiltration service the main constraints are that there is a long history of groundwater extraction around the park, and that, according to Dutch law, there are no formal ownership arrangements in place for groundwater aquifers. This single case study does not allow for any general statements regarding the potential of PES, but it does illustrate some limitations of PES in spite of the high economic values of some of the services involved.
The Hoge Veluwe park has a successful business model based on income earned from recreation. Both the high number of annual visitors, and the willingness of visitors to pay a € 7 entrance fee for visiting the Hoge Veluwe are directly related to a number of factors. First, as mentioned, the park is very well known in the country and benefits from a location relatively close to the urban centers in the west of the country. Second, park management undertakes a number of marketing activities, including offering various outdoor activities, such as photography workshops, and providing a number of facilities, such as the free use of bicycles in the park. Third, the park is fenced. The question arises as to whether other protected areas in the country Ecology and Society 16(2): 13 http://www.ecologyandsociety.org/vol16/iss2/art13/ have the same possibilities of earning income from recreation. Their options are likely to be more limited, in particular because most other organizations receive government subsidies under the condition that they not charge entrance fees. In addition, it is unsure how large the national market is for "upmarket" national parks charging entrance fees. Consequently, in the face of decreasing government support, other parks may be better off exploring the possibility of offering additional paid services, such as parking facilities and thematic workshops, among others.
CONCLUSIONS
This study shows the high economic returns that can be generated by protected forest ecosystems in densely populated northwestern Europe. A conservative estimate of the economic benefits generated by the Hoge Veluwe forest is around € 10.8 million per year, i.e., € 2000/ha/year, which is over three times the value generated by nearby agricultural land. Over 90% of this value is generated by only three services: recreation, groundwater infiltration, and air filtration. The benefits from nature conservation have not been quantified in monetary terms. The uncertainties in the value estimates are high for most regulating services, in particular for air filtration. In response to these uncertainties, the study presents a conservative estimate. The examined park is able to thrive without significant government subsidies, because the land is privately owned and fenced, and the park is one of the most well-known and most visited parks in the country. It is therefore able to generate significant income from entrance fees. The case study illustrates the fact that despite the high economic value of generated ecosystem services, the possibilities for generating additional income for park management from PES may be limited. For parks that provide substantial economic benefits but are not able to charge entrance fees or engage in PES, governments should be cautious in limiting support for protected areas, even in the face of the current economic constraints. Park managers should proactively communicate the economic benefits of protected areas to the public and policy makers in order to maintain support for protected area management. 
